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(57) ABSTRACT 

A polarimetry technique for measuring optical activity that is 
particularly suited for high throughput screening employs a 
chip or substrate (22) having one or more micro fluidic chan- 
nels (26) formed therein. A polarized laser beam (14) is 
directed onto optically active samples that are disposed in the 
channels. The incident laser beam interacts with the optically 
active molecules in the sample, which slightly alter the polar- 
ization of the laser beam as it passes multiple times through 
the sample. Interference fringe patterns (28) are generated by 
the interaction of the laser beam with the sample and the 
channel walls. A photodetector (34) is positioned to receive 
the interference fringe patterns and generate an output signal 
that is input to a computer or other analyzer (38) for analyzing 
the signal and determining the rotation of plane polarized 
light by optically active material in the channel from polar- 
ization rotation calculations. 

23 Claims, 8 Drawing Sheets 
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ON-CHIP POLARIMETRY FOR 
HIGH-THROUGHPUT SCREENING OF 
NANOLITER AND SMALLER SAMPLE 
VOLUMES 

5 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit, under 35 U.S.C. 119 
(e), of U.S. Provisional Application No. 60/620,661, which 10 
was filed on Oct. 22, 2004 and is hereby incorporated by 
reference. 
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BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a biological reaction analy- 25 
sis technique that employs an on-chip polarimeter (OCP) to 
monitor optical activity in samples contained in one or more 
microfluidic channels formed in a chip or substrate. The 
sample in each channel is illuminated by a linearly polarized 
laser beam and the resulting interference fringe pattern in the 30 
light scattered by the sample is interrogated with a transducer. 
The technique is particularly suited for high-throughput 
analysis. 

2. Description of the Background Art 

The ability to measure optical activity is essential in the 35 
pharmaceutical, food and biotechnology industries. It is par- 
ticularly important in the development of new drugs, with the 
vast majority of medicines and drug metabolites being chiral 
and with the worldwide sale of chiral drugs in single-enanti- 
omer dosages exceeding $147 billion in 2001. Chiral mol- 40 
ecules, which exist in pairs of optical isomers called enanti- 
omers that are structurally identical, with the same physical 
properties, and differ only in their three-dimensional spatial 
arrangement. In effect, the two enantiomers are just like a pair 
of hands in that they are non- superimpo sable mirror images 45 
of one another with no planes of symmetry. In the industries, 
the two isomers are referred to as R and S isomers. 

Drugs work by reacting with receptors in the body that have 
a specific physical shape and usually fit one enantiomer better 
than the other. In other words, one isomer binds preferentially 50 
while the other has little or no activity. While there are 
examples where both enantiomers have similar therapeutic 
properties, there are many other cases where one of the iso- 
mers causes serious side-effects. As a result, all chiral forms 
of a drug now have to be tested rigorously for possible side- 55 
effects and for chiral stability in vivo before approval. The 
FDA insists on switching to the pure enantiomer for older 
drugs and will only approve single isomers of new chiral 
drugs. It is therefore certain that the percentage of single- 
enantiomer dosages will grow from the current level of 40% 60 
of all drug sales. 

With the advent of combinatorial chemical methods and 
the implementation of parallel synthesis coupled with high- 
throughput screening, the pace of research in drug discovery 
has significantly accelerated. A significant number of chiral 65 
drug precursors are now produced by enzyme catalyzed pro- 
cesses. Improvements in enzyme specificity and activity are 
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now increasingly being obtained via “directed evolution” 
methodologies. One of the main challenges of combinatorial 
asymmetric catalysis and directed evolution is the require- 
ment to screen libraries ranging from 10 4 to 10 7 members. 
Recent reports further demonstrate the importance of produc- 
ing and analyzing chiral compounds. Several reviews have 
been provided on the advances in the methodologies for the 
determination of enantiomeric excesses, noting the signifi- 
cant analytical challenges of all things combinatorial. 

While no technique is ideal, progress has been made 
toward the high-throughput (HT) screening of enantio selec- 
tive enzymes and biological processes, for the purpose of 
directed evolution. The most obvious approach, UV/Vis, has 
been restricted to the hydrolytic kinetic resolution of chiral 
p-nitrophenol esters catalyzed by lipases or esterases (4,800 
samples/day, 9% precision). Fluorescence assays require an 
active probe attached to the substrate (8,000 samples/day, 
10% precision). NMR requires pseudo-enantiomers to be 
created (1,400 samples/day, 5% precision). Capillary array 
electrophoresis requires a fluorescence-active reagent (20, 
000 samples/day, 3% precision) and employs the somewhat 
tedious CE separation technique. Gas chromatography can 
provide exact ee determinations but is complicated and lim- 
ited to volatile compounds with throughput of 700 measure- 
ments per day. Circular dichrosim (CD) can also provide 
exact ee determinations but is limited to 700-900 measure- 
ment/day and requires complicated calculations. MS requires 
a mass-tagged chiral derivatization (be rendered “pseudo- 
enantiomeric” so the enantiomers differ in mass) agent be 
applied to the mixture (1 0,000 samples/day, 2% uncertainty). 
Among the more fascinating techniques for HT ee determi- 
nations, include a color test using chirality-dependent doped 
films of liquid crystals, fluorescent reporting using a DNA 
microarray, an assay employing antibodies that is an analog 
of competitive enzyme immunoassay and a technique termed 
EMDee which is an enzymatic method for determining enan- 
tiomeric excess. These promising techniques are somewhat 
limited by moderate throughput, the need for sample labeling 
or large amounts of sample. 

Polarimetry, an intrinsic optical technique, can provide a 
quantitative measure of optical activity or chirality. If a plane 
of polarized light is passed through a sample of each enanti- 
omer in a pair, one will rotate the polarization of the light to 
the left (levorotatory or (-)-enantiomer), and the other will 
rotate the polarization plane to the right (dextrorotatory or 
(+)-enantiomer). This response is proportional to concentra- 
tion of the chiral molecule, it can be very sensitive, and is a 
nondestructive well-established technique. For these reasons 
a number of groups have worked towards improving the per- 
formance of the polarimeter for measuring optical activity 
while reducing the sample size needed for an assay. 

One polarimetry device known as a capillary polarimetric 
detector (CPD) was developed in 1996 that demonstrated for 
the first time that polarimetric measurements could detect 
changes in optical activity at the micromolar level in nanoliter 
volumes and that these measurements had little sensitivity to 
refractive index perturbations. The CPD has a simple optical 
train based on a 4-mW polarized He/Ne laser, a polarizing 
plate with an extinction ratio of 1 : 1 0,000 to further purify the 
polarization state of the beam, a fused silica capillary tube 
containing the sample to be analyzed and a transducer for 
receiving the fringe patterns that are caused by interaction of 
the laser light with the sample in the capillary. Using the CPD 
it appears possible to quantify rotation at the level of 9x 1 0 _6 °. 
The device has been used to analyze D-p -hydroxy butyrate at 
the picomole level, for the determination of absolute optical 
activity and very recently for flowing stream analysis. How- 
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ever, the CPD is not a high-througliput device, nor is it inher- 
ently compatible with microfluidics technology. Microfluid- 
ics allows higher order system integration and ease in sample 
multiplexing resulting reduced sample consumption and 
analysis time. To fully realize the potential of microfluidics, 
detectors that directly interrogate the sample in the channel on 
the chip, without loss in sensitivity must be developed. 

There appear to be two fundamental limitations in the 
implementation of all previous approaches based on conven- 
tional polarimetry for HT measurements or for use as an 
on-chip optical activity detector; first they demand very high 
extinction ratios (possible with Glan-Thompson prisms, but 
problematic for imaging systems due to a limited NA) so as to 
measure small optical rotation changes. The most common 
approach used in HT screening is to illuminate a multiwell 
plate and use an imaging system to collect the light from all of 
the samples in the well plate simultaneously. Second, con- 
ventional polarimeters have an inherent path length depen- 
dency as defined by Biot’s law and thus have poor sensitivity 
for optical activity in the short path lengths of a multiwell 
plate. 

SUMMARY OF THE INVENTION 

The present invention is directed to a polarimetry tech- 
nique for measuring optical activity that is particularly suit- 
able for HT screening. The technique employs a chip or 
substrate having one or more microfluidic channels formed 
therein of micron dimensions. In the technique, referred to as 
“on-chip polarimetry” (OCP), a polarized laser beam is 
directed onto fluid samples of optically active molecules that 
are disposed in the channels in the chip. The incident laser 
beam interacts with the molecules, which causes a slight 
rotation of the polarization of the light beam in one direction 
or another, depending on the nature of the molecules in the 
sample. The sample molecules and the channel walls interact 
with the laser beam and result in generation of interference 
fringe patterns that radiate from the channels in multiple 
directions. A suitable detector, such as a CCD, is positioned to 
receive the interference fringe patterns. In one embodiment, 
the detected fringe patterns radiate in a direction that is almost 
parallel to the incident laser beam such that the received 
fringe patterns are scattered back toward the detector by the 
sample. In another embodiment referred to as side scatter 
OCP (SOCP), the detector receives radiation that is scattered 
at an angle approaching 90 degrees from the axis of the 
incident laser beam, in which case the detector receives radia- 
tion that is scattered off to one side of the channel. 

In the direct backscatter embodiment, the microfluidic chip 
provides optical interfaces (air to chip substrate, substrate to 
sample solution contained in the channel, and sample solution 
to back of chip). The incoming beam is split and reflected at 
each optical interface and rays pass multiple times through 
the sample solution contained within the channel, leading to 
an unexpected sensitivity gain over single pass configura- 
tions. The fringe pattern is created by the constructive and 
destructive interference caused by beams that reflect from the 
surface of the chip and those that pass through the solution. 

In this embodiment, a polarizer plate is positioned between 
the sample channel and the detector that acts as an analyzer 
plate by allowing a selective amount or light to pass through, 
the intensity of which is proportional to a degree by which 
optically active molecules in the sample rotate the polariza- 
tion plane of the laser beam as it passes through the sample. 
The analyzer polarizer plate eliminates low frequency refrac- 
tive index based variations in the detected fringe patterns that 
would interfere with the ability to detect the polarization 
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related variations in the signals. This configuration functions 
like a conventional polarimeter, yet with a unique S/N 
enhancement due to the laser-channel interaction. 

An evaluation of the OCP interference pattern unexpect - 
5 edly revealed that the side scatter on-chip polarimeter 
(SOCP) embodiment can be used without a second polarizer 
(analyzer plate), greatly simplifying the optical train and fur- 
ther enabling HT polarimetry configurations. 

In both embodiments, the amount by which incident light is 
1 0 rotated one way or the other by the sample is an indication of 
the relative concentration of a particular isomer in the sample, 
for example. Since the intensity of the detected scattered 
radiation varies in portion to the amount of polarization rota- 
15 tion, the intensity can be employed to measure the concen- 
tration level in the sample. The system can therefore be 
employed to determine what types of molecules are present in 
a sample or to determine the concentration level of molecules 
in the sample. 

20 The chip in which the one or more channels are formed can 

be made of any suitable material, but is preferably made from 
either glass (e.g. fused silica) or a plastic material, such as 
PDMS (polydimethylsiloxane). In the case of fused silica, the 
channels are preferably etched into the silica such that the 
25 resulting cross sections of the channels are generally hemi- 
spherical in shape. In a variation using a PDMS chip, it is 
easier to form the channels with a rectangular cross section. In 
either case, a multipass arrangement is created in which the 
incoming laser beam is reflected by the channel walls so that 
30 the beam passes through the sample multiple times before it 
exits the sample and is incident on the photodetector. As a 
result, each time the beam passes through the sample, the 
optically active molecules therein will cause incremental 
35 rotation of the polarization plane, which increases sensitivity 
of the system. 

In a high-throughput (HT) embodiment of the invention 
that can be employed to perform multiple analyses on a single 
chip, a multichannel plate is employed along with a moving 
40 carriage that is capable of accurate placement in two dimen- 
sions. The laser beam is fed through an optical fiber that 
terminates in a collection of optics mounted on the movable 
carriage. A collection fiber optic or a photodetector is also 
mounted on the carriage. The carriage is positioned in the x 
45 and y directions using a high precision motorized translation 
system that allows exact placement of the laser beam over 
each channel to create the interference pattern for each 
sample in each channel that is then sensed with the detector. 

50 BRIEF DESCRIPTION OF THE DRAWINGS 

The features and advantages of the present invention will 
become apparent from the following detailed description of a 
number of preferred embodiments thereof, taken in conjunc- 
55 tion with the following drawings, in which: 

FIG. 1 is a schematic illustration of a system constructed in 
accordance with first and second preferred embodiment of the 
present invention for conducting on-chip polarimetry mea- 
surements of a fluid sample contained in a channel in a chip or 
60 substrate; 

FIGS. 2A-2F are images and graphs showing the interfer- 
ence fringe patterns and intensities that were obtained with 
the system of FIG. 1 in experiments on water and a known 
optically active material, mandelic acid; 

65 FIGS. 3A and 3B are schematic illustrations of the cross 
sections of a channel formed in a chip for use in a first 
variation of the first preferred embodiment in which a silica 
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chip is employed, and for use in a second variation of the first 
preferred embodiment in which a plastic chip is employed, 
respectively; 

FIGS. 4A and 4B are schematic illustrations showing rela- 
tive po sitioning of a photodetector element in direct backseat- 5 
ter and sidescatter detection embodiments of the present 
invention, respectively; and 

FIG. 5 is a schematic illustration of a high-throughput 
on-chip polarimetry system constructed in accordance with 
another preferred embodiment for making polarimetry mea- 
surements on multiple samples contained in multiple chan- 
nels on a single chip. 

DETAILED DESCRIPTION OF THE PREFERRED 

EMBODIMENTS 1 ' 

With reference to FIG. 1, an OCP system 10 is illustrated 
that can be configured for direct backscatter or side scatter 
measurements in accordance with first and second preferred 2 o 
embodiments of the present invention. The OCP system 10 is 
comprised of a light source 12, such as a helium neon (HeNe) 
laser, which generates a coherent polarized laser beam 14. 
The laser beam 14 is first directed through an optional neutral 
density filter or attenuator 16, which reduces the intensity of 25 
the beam 14, and then through a first Glan-Thompson (GT) 
polarizer 18 that further purifies the polarization of the beam 
14 for maximizing measurement sensitivity of the system 10. 

A typical HeNe laser generates a polarized beam with a 600: 1 
extinction ratio (the ratio of rays with one polarization state to 30 
those of the opposite polarization state). In contrast, the GT 
polarizer 18 increases the extinction ratio to on the order of 
100,000: 1 , which results in the laser beam 14 being virtually 
purely plane polarized. The laser beam 14 next passes through 
a half wave plate 20 to allow the plane of polarization of the 35 
beam to be rotated as desired. The beam 14 is then incident on 
a chip 22 mounted on an aluminum black anodized block 24, 
which preferably includes a Peltier cooler controlled by a 
high precision temperature controller (not shown) to mini- 
mize temperature perturbations. 40 

The incident laser beam 14 interacts with a sample con- 
tained in an elongated channel 26 (best shown in FIGS. 3 A 
and 3B) that is formed in the chip 22. As the beam interacts 
with the micro fluidic channel 26, some of the rays reflect off 
the surface and some of the rays enter the channel 26 and 45 
interact with the fluid sample therein. The rays that enter the 
channel 26 become trapped, reflecting off of the walls of the 
channel 26 and making multiple passes through the sample. 
This allows a ray to interact with the sample molecules mul- 
tiple times. The rays escape and combine with those that 50 
reflected off the surface of the channel 26. This produces an 
interference fringe pattern (series of bright and dark spots) 28 . 

In the backscatter embodiment, the interference fringe pat- 
tern 28 is directed through a second GT polarizer 30. The 
second GT polarizer 30 acts the same as an analyzer in a 55 
conventional polarization detection system by allowing 
radiation to pass through only if the polarization of the fringe 
pattern 28 is rotated relative to the plane of polarization in the 
incident laser beam 14. In the backscatter embodiment, the 
second GT polarizer 30 is necessary because the interference 60 
fringe pattern 28 does not contain any high frequency fringes 
that are related to polarization, but instead is dominated by 
low frequency refractive index related fringes. As will be 
discussed further later, this second, analyzer polarizer 30 is 
not needed to perform relative optical activity determinations 65 
in a second embodiment that employs detection of side scat- 
tered radiation. 
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A section of the fringe pattern (the first three fringes adja- 
cent to the centroid) is passed through the second GT polar- 
izer 30 and is then reflected off of an optional mirror 32 onto 
a charge-coupled device (CCD) 34 or other suitable photode- 
tector. The CCD 34 generates an electrical output signal that 
is fed through a cable 36 as input to a computer 38 or other 
suitable analyzer for storage and polarization analysis to 
determine some characteristic of the sample that affects the 
polarization orientation of the beam as it interacts with the 
sample. These three elements thus combine to form a polar- 
ization detector. 

FIGS. 2A-2C illustrate actual fringe patterns (false color 
image obtained by a laser beam analyzer) and an intensity 
profile of a cross-section of these fringes that were obtained 
during experiments on the system 10 of FIG. 1 using water 
and mandelic acid. Since this embodiment of the system 10 
uses a two-polarizer configuration, the polarimetric signal is 
encoded in the intensity of the fringe pattern and can give 
absolute optical activity values for the unknown sample. 

FIGS. 2D (minimum half wave plate position) and 2E 
(maximum half wave plate position) are false color images of 
the side scatter fringes obtained by a laser beam analyzer. 
FIG. 2F is a graph of an average intensity of a cross section of 
the two patterns. 

The cross sections of two different variations of the chip 22 
are illustrated in FIGS. 3 A and 3B, respectively. In FIG. 3 A, 
the chip 22 is preferably formed from glass, such as fused 
silica, and includes a generally hemispherical shaped channel 
26 that is isotropically etched, molded or otherwise formed in 
the chip 22. In the embodiment in FIG. 3A, the channel 26 
includes first and second curved sections 40 and 42 each of 40 
pm radius R and a 10 jam flat section 44 that separates the 
curved sections. The flat section 44 is not necessary but is 
present in the preferred embodiment because of the isotropic 
etching technique that is employed to make the first and 
second curved sections one at a time. A transparent cover 
plate 46 is placed on top of the chip 22 to seal the channel 26. 

In the variation illustrated in FIG. 3B, the chip 22 is pref- 
erably made of an optical quality plastic material, such as 
polydimethylsiloxane (PDMS). In this variation, the PDMS 
22 is formed using photolithographic techniques to create a 
desired channel. Then the PDMS and a glass slide are oxi- 
dized. The channel is formed with three walls from the PDMS 
and the back is from the glass slide. In this instance, the 
channel 26 is rectangular in shape because this shape is easier 
to form in PDMS, or to mold into optical quality plastics. 

In either variation, experiments and theoretical models 
have shown that the incident laser beam 14 is reflected off of 
the channel walls many times before it exits the channel. As a 
result, the beam makes multiple passes through the sample in 
the channel 26, which enhances sensitivity because the opti- 
cally active material in the sample incrementally alters the 
polarization of the beam on each pass. In an experiment, the 
system 10 was found to have excellent sensitivity to changes 
in optical activity, even in 50-90 pm wide micro fluidic chan- 
nels. Employing an HeNe laser with a beam diameter of ca. 
0.6 mm yields a polarimeter with a 1 .8 nL probe volume. 

To demonstrate that the OCP 10 performs as a polarimeter, 
Malus Law response was evaluated. Malus Law describes the 
relationship between the light intensity (I) and the angle of the 
principal plane of polarization of the illumination source (I 0 ) 
with respect to the analyzer plate, equation 1 . 

/=/ o xcos 2 (0) Eq. (1) 

This test was done by measuring the intensity output (sen- 
sitivity of the system) as a function of polarization state of the 
incoming beam. With water in the microfluidic channel 26, 
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the half-wave plate 20 was rotated to impart a change in 
polarization plane of the laser beam 14 with respect to the 
channel 26. Intensity measurements were taken every five 
degrees and the intensity of the fringe pattern vs. half-wave 
plate angle was plotted. An R 2 value of 0.999 was obtained 
when fitting the OCP response to a cos 2 fit, thus indicating 
excellent correlation and confirming that the system obeys 
Malus Law. 

A test of the embodiment of FIG. 1 was then conducted to 
verily that the system 10 can be employed to quantify optical 
activity in a sample contained in the microfluidic channel 26. 
It was determined first that by positioning the half-wave plate 
20 at approximately 134° relative to the minimum intensity, a 
large change in intensity vs. solute induced rotation could be 
quantified. Such a configuration allows the determination of 
whether the OCP system 10 can be used to discriminate 
between R and S isomers using the increase or decrease of 
intensity caused by rotation of the plane of polarization in 
opposite directions by each isomer. Glycerol solutions were 
used to demonstrate that the OCP system 10 is insensitive to 
large RI changes. To test the response of the system 10 to 
optically active solutions, R- and S-mandelic acid, [a] 25 =+ 
154° and [a] 25 =-153° respectively, were used. These solutes 
are well characterized and have a high specific rotation. Solu- 
tions of 1 to 5 mM glycerol, R- or S-mandelic acid, were 
drawn into the channel 26 and the change in the polarimetric 
signal (integrated intensity of the first three fringes in the 
pattern) was recorded. The 0 mM is a measurement of water, 
which was used as a reference. The resulting plots of intensity 
versus concentration confirmed that increasing glycerol con- 
centrations produce very little signal change, an exciting 
observation given that RI changes fundamentally limit con- 
ventional optical activity measurement techniques. The 
R-mandelic acid has a negative slope and the S-mandelic acid 
has a positive slope. The observations demonstrates that: 1) 
the system 10 can detect an optically active molecule whose 
signal increases in a concentration dependent manner; 2) the 
R and S enantiomers produce opposite effects in the system 
10. These results show that polarimetric measurements can be 
made on samples contained in channels on a chip with a 
detection volume in the nano liter to picoliter range. 

Expanding on these observations, the system 10 was modi- 
fied to employ a CCD-based laser beam analyzer (LBA) as the 
detector 34. The resolution of the modified system was evalu- 
ated using a micro rotation stage mounted Gian Thompson 
polarizer. Rotation of the polarization plane in five-degree 
increments yielded a function of intensity verses degree 
change (y=l .96E+06x+8.22E+06, R2=0.999). Then an inten- 
sity vs. concentration {R-mandelic acid at 1, 2, 3, 4, 5, 25, 50, 
75, and 100 mM} plot was generated which gave a linear 
response (y=42532x+lE+07, R 2 =0.991). Using these two 
plots the response of the OCP 10 in degree change vs. con- 
centration was generated. The detection limit was determined 
using four complete and independent runs with R-mandelic 
acid solutions. At 3a, the detection limit was found top be 
0.018 degrees. This value is more than 4 times better than 
other multiplex systems (0.08 degrees). While poorer than a 
conventional polarimeter, the OCP 10 compares favorably 
given it has a probe volume 3 decades smaller. 

FIGS. 4 A and 4B are schematic illustrations showing two 
different orientations that can be used for detecting the fringe 
patterns from the channel 26 using the system of FIG. 1. In 
FIG. 4A, the direct backscatter embodiment is shown in 
which the angle between the incident laser beam 14 and the 
back scattered fringe pattern beam 28 is very small, on the 
order of 5 to 10 degrees (7 degrees in the test embodiment). 
However, in FIG. 4B, the side scatter embodiment is shown in 
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which the fringe pattern beam 28 forms an angle of between 
65 and 90 degrees with the path of the incident laser beam 14, 
with 80 degrees being optimal for the chamiel used in these 
experiments. A cursory evaluation of the OCP interference 
5 pattern indicated that at these wider scattering angles on the 
order of 65-90 degrees, there are regions dominated by high 
frequency fringes. These high frequency fringes attenuate 
when the incoming polarization plane is rotated and are 
insensitive to refractive index changes (the position of these 
to fringes does not change with a change in RI of the solution). 
Thus the side scatter embodiment of the present invention 
need not employ the second GT polarizer 30. In other words, 
this embodiment employs even simpler transduction because 
the absence of low frequency fringes allows the total intensity 
15 to be measured rather than extracting the polarization sensi- 
tive intensity component using the second GT polarizer 30. 

Although the present sidescatter configuration does not 
allow the determination of absolute optical activity, it does 
allow the potential to discriminate between R- and S-isomers. 
20 As in the direct backscatter embodiment, rotation of the half- 
wave plate produced a cos 2 relationship as predicted by Mauls 
Law. Further evaluation of the sidescatter embodiment was 
performed with the half-wave plate positioned at 1 34° . Again 
solutions of glycerol, R- and S-mandelic were employed. The 
25 results showed that the sidescatter embodiment has little sen- 
sitivity to RI changes, and responds oppositely to the two 
enantiomers as desired. Interestingly, the intensity for R-in- 
creases in this configuration for the half-wave plate. Position- 
ing it at 44° would produce a negative slope for R-mandelic 
30 acid as before. The detection limit was determined to be 0.58 
mM for R- and 0.04 mM for S-mandelic acid, which is about 
20 times higher than the limit for best commercial instrument 
but was accomplished in a 30,000 times smaller volume. 

Performing enantiomeric excess (ee) measurements in 
35 nanoliter volumes is of paramount importance and can al so be 
accomplished using the subject on-chip polarimeter. In 
another experiment, a preliminary result indicated that ee 
could be measured using the sidescatter embodiment of the 
invention. Mixtures of R- and S-mandelic acid in proportions 
40 of 9: 1 , 7 :3 , 5 : 5 , 3 : 7, and 1 : 9 (at a total solute concentration of 
5 mM) were measured, as were pure solutions of the solutes. 
As expected, the R-mandelic acid gave the highest intensity 
and as the mixtures progressed to the pure S-mandelic acid, 
the intensity decreased. These results indicate that enantio- 
45 meric excess can be measured utilizing the on-chip polarim- 
eter 10. 

With reference to FIG. 5, an HT embodiment of the present 
invention is illustrated that can be employed to perform mul- 
tiple analyses on a single chip. An HT OCP system 100 is 
50 shown that consists of a multichannel plate 102, an illumina- 
tion source 104, sample and reference detectors 106 and 108, 
respectively, and a moving carriage 110 capable of accurate 
placement in 2D. 

The multichannel plate 102 contains a plurality of microf- 
55 luidic channels 111 each with input and output ports (not 
shown) that are compatible with a standard 96 -well plate so 
that the existing automated pipettors can be used for rapid and 
simple channel loading and washing. The illumination source 
104 consists of a 5-10 mW linearly polarized laser (He — Ne) 
60 and is coupled to first and second optical fibers 112 and 114, 
respectively, with a splitter 116 that divides the total intensity 
between the reference and sampling arms. A small portion of 
the incoming laser beam is directed onto the reference detec- 
tor 1 08 through a bifurcation in the fiber a short distance from 
65 the source. The sampling fiber terminates in an optical assem- 
bly 118 that includes a collimating lens, a high extinction 
polarizer, and (as needed for alignment purposes) a 7J2 plate. 
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This optical assembly 118 is mounted adjacent to the sample 
detector 106 on the carriage 110. The carriage 110 is posi- 
tioned in the x and y directions using a high precision motor- 
ized translation system 124. 

The computer controlled carriage 110 allows exact place- 5 
ment of the laser beam over each channel to create an inter- 
ference fringe pattern 126 which is sensed with the sample 
detector 106. Output of the sample detector 106 is compared 
with the reference detector 108, amplified and/or filtered, 
digitized with a control circuit 128 and sentto a computer 130 10 
for storage and analysis. 

The HT system 100 can be used to quantify numerous 
parameters, including all analytical figures of merit, particu- 
larly minimal detectable quantities, S/N under various con- 
ditions and solvents, intra-channel and inter-channel repro- 15 
ducibility, temperature sensitivity and RI perturbation 
sensitivity. The system 100 can take several measurements 
per second and this enables the system to monitor enantiose- 
lective enzyme reactions and enzymatic conversions that pro- 
duce a change in optical rotation, as the reaction occurs over 20 
time. 

Kinetic constants are generally measured in the steady 
state; they are independent of enzyme concentration and are 
based on relative measurements of enzymatic conversion. A 
preliminary study of phenylalanine ammonia lyase (PAL) 25 
served as an initial attempt to measure Km and Vmax values 
with the system 10 in FIG. 1 (monitored simultaneously with 
UV-vis). By varying the substrate concentration and measur- 
ing the velocity of the reactions, it was possible to produce a 
linear response on a 1/V vs. 1/[S] graph. Km and Vmax values 30 
can be obtained from this double reciprocal plot. Thus the 
system described here allows kinetic information to be 
obtained. 

In conclusion, the various embodiments of the OCP pro- 
vide the ability to perform polarimetric measurements in 35 
microfluidic channels, yielding the advantages inherent in 
chips: 1) reduced volumes; 2) ability to integrate several 
functions or manipulations onto a single chip; 3) inherent 
compatibility for multiplexing. Unique to OCP is the relative 
insensitivity to RI perturbations and the potential to compen- 40 
sate for them using the on-chip interferometric backscatter 
detector (OCIBD) under circumstances where they are prob- 
lematic. D/S-OCP represent a novel instrumental approach to 
measuring optical activity and for quantifying ee in a format 
that is inherently compatible with HT screening. 45 

Although the invention has been disclosed in terms of a 
number of preferred embodiments and variations thereon, it 
will be understood that numerous other variations and modi- 
fications could be made thereto without departing from the 
scope of the invention as set forth in the following claims. 50 

What is claimed is: 

1. A system for measuring optical activity in a sample 
comprising: 

a chip having a channel formed therein for reception of a 
sample to be analyzed; 55 

a source of plane polarized light for generating and direct- 
ing an incident beam of radiation onto said channel; and 

a polarization detector for receiving interference fringe 
pattern radiation that is scattered by said channel and 
said sample when said beam of radiation is incident 60 
thereon and determining whether said scattered radia- 
tion has a plane of polarization that has been rotated 
relative to the plane of polarization by optically active 
molecules in said sample. 

2. The system of claim 1, wherein said chip is formed from 65 
glass and said channel has a generally hemispherical cross 
section. 
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3. The system of claim 2, wherein said chip is formed form 
fused silica. 

4. The system of claim 1, wherein said chip is formed from 
a plastic of optical quality. 

5. The system of claim 4, wherein said channel has a 
rectangular cross section. 

6. The system of claim 4, wherein said plastic is PDMS. 

7. The system of claim 1, wherein said detector for receiv- 
ing interference fringe pattern radiation that is scattered by 
said channel and said sample when said beam of radiation is 
incident thereon is positioned to receive side scattered radia- 
tion that is directed along an axis that is at an angle of 65-90 
degrees relative to an axis of said incident laser beam, said 
side scattered radiation containing high frequency polariza- 
tion rotation dependent components. 

8. The system of claim 7, wherein said detector for receiv- 
ing interference fringe pattern radiation that is scattered by 
said channel and said sample when said beam of radiation is 
incident thereon is positioned to receive radiation that is 
directed along an axis that is at an angle of approximately 80 
degrees relative to an axis of said incident laser beam. 

9. The system of claim 1, wherein said detector for receiv- 
ing interference fringe pattern radiation that is scattered by 
said channel and said sample when said beam of radiation is 
incident thereon is positioned to receive radiation that is 
directly back scattered along an axis that is at an angle of 5 - 1 0 
degrees relative to an axis of said incident laser beam. 

1 0 . The system of claim 9, wherein said detector for receiv- 
ing interference fringe pattern radiation that is scattered by 
said channel and said sample when said beam of radiation is 
incident thereon is positioned to receive radiation that is 
directly back scattered along an axis that is at an angle of 
approximately 7 degrees relative to an axis of said incident 
laser beam. 

11. The system of claim 10, wherein said source of plane 
polarized light for generating and directing a beam of radia- 
tion onto said channel comprises a laser and a first polarim- 
etry plate disposed between said laser and said chip. 

12. The system of claim 11, further comprising a second 
polarimetry plate disposed between said chip and said detec- 
tor for filtering refractive index dependent low frequency 
components in said scattered radiation. 

13. The system of claim 1, wherein said chip includes a 
plurality of channels formed therein for reception of a corre- 
sponding plurality of samples to be analyzed, and said source 
of plane polarized light and said detector are mounted on a 
carriage that is movable with a motorized translation system 
to adjust the position of said source and detector with respect 
to said channels. 

14. The system of claim 1, wherein said detector includes a 
signal analyzing device for receiving said signal from said 
detector and determining a degree to which said scattered 
radiation has a plane of polarization that has been rotated 
relative to the plane of polarization by optically active mol- 
ecules in said sample. 

15. The system of claim 14, further including a beam 
splitter and a reference detector, said beam splitter being 
positioned to direct a portion of said incident beam of radia- 
tion from said source to said reference detector, which gen- 
erates a signal that is fed to said analyzer and is employed by 
said analyzer to compensate for variations in said incident 
beam. 

16. A method for analyzing an optically active sample 
comprising the steps of: 

providing a chip having a channel formed therein for recep- 
tion of a sample to be analyzed; 

disposing a sample to be analyzed in said channel; 
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directing an incident beam of plane polarized light onto 
said channel; 

detecting an interference fringe pattern that is generated by 
said channel and said sample when said beam of radia- 
tion is incident thereon and scattered thereby; and 

determining from said interference fringe pattern, whether 
said scattered beam of radiation has a plane of polariza- 
tion that has been rotated relative to the plane of polar- 
ization by optically active molecules in said sample. 

17 . The method of claim 16 , wherein the step of providing 
said chip comprises providing a chip that is made from a 
material selected from the group comprising glass, plastic, 
fused silica and PDMS. 

18 . The method of claim 16 , wherein the step of detecting 
an interference fringe pattern comprises positioning an opti- 
cal detector to receive side scattered radiation that is directed 
along an axis that is at an angle of 65-90 degrees relative to an 
axis of said incident laser beam, said side scattered radiation 
containing high frequency polarization rotation dependent 
components. 

19 . The method of claim 18 , wherein said detector for 
receiving interference fringe pattern radiation that is scattered 
by said channel and said sample when said beam of radiation 
is incident thereon is positioned to receive radiation that is 
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directed along an axis that is at an angle of approximately 80 
degrees relative to an axis of said incident laser beam. 

20 . The method of claim 16 , wherein the step of detecting 
an interference fringe pattern comprises positioning an opti- 

5 cal detector to receive radiation that is directly back scattered 
along an axis that is at an angle of 5-10 degrees relative to an 
axis of said incident laser beam. 

21 . The method of claim 20 , wherein said detector for 
receiving interference fringe pattern radiation that is scattered 

to by said channel and said sample when said beam of radiation 
is incident thereon is positioned to receive radiation that is 
directly back scattered along an axis that is at an angle of 
approximately 7 degrees relative to an axis of said incident 
laser beam. 

15 22 . The method of claim 21 , wherein said step of directing 

an incident beam of plane polarized light onto said channel 
comprises directing said incident beam from a laser through a 
first polarimetry plate and onto said channel. 

23 . The method of claim 22 , further comprising the step of 

20 positioning a second polarimetry plate between said chip and 
said detector for filtering refractive index dependent low fre- 
quency components in said scattered radiation. 



